INTRODUCTION
In 2005, only 50 occurrences of carbonatite volcanism had been documented (Woolley and Church, 2005) . The only currently active carbonatite volcano is Oldoinyo Lengai, Tanzania (Dawson, 1962) , which erupts natrocarbonatite, a composition unlike anything else in the geological record (Woolley and Kempe, 1989; Bailey, 1993; Woolley and Church, 2005) . Other examples of volcanic carbonatites include calcite carbonatite from a lapilli tuff at Kaiserstuhl, Germany (Keller, 1981) , calcite carbonatite lava at Fort Portal, Uganda (Barker and Nixon, 1989) , and dolomite carbonatite from Rufunsa, Zambia (Bailey, 1989) . However, we anticipate from fi eld observations in Europe and Africa that the number of carbonatitic volcanoes may increase to >300 examples.
A high-pressure mantle origin for many volcanic carbonatites is indicated by the presence of mantle xenoliths and other high-pressure and mantle-derived mineral phases, such as dolomite and magnesite (Bailey, 1989; Bailey et al., 2006) , chromite (Bailey, 1989; Woolley et al., 1991) and high-Ti phlogopite (Bailey and Collier, 2000) . Isotopic evidence from carbonatites is also indicative of a mantle origin (Deines and Gold, 1973; Bell and Simonetti, 2010) .
Evidence for carbonatitic fl uids at mantle temperatures and pressures includes the metasomatic effects documented from mantle xenoliths (e.g., Rudnick et al., 1993; Yaxley et al., 1998; Coltorti et al., 1999) , the occurrence of carbonate minerals in mantle xenoliths (Rosatelli et al., 2007 , and references therein), and high-pressure experimental results confi rming the stability of carbonates and carbonatitic melts (Wyllie, 1978, and references therein). Inclusions within diamonds further demonstrate the activity of carbonate in the deep mantle (Taylor and Anand, 2004; Kaminsky et al., 2009; Klein-BenDavid et al., 2009) . Evidence for carbonatitic activity in the mantle is limited by volcanic sampling; however, it is noted from localities worldwide (e.g., see above references).
We document a single crystal inclusion of aragonite within olivine ( Fig. 1) from Calatrava, Spain, an area where carbonatitic volcanism with mantle debris was previously reported (Bailey et al., 2005) . Confi rmation of the aragonite crystal structure was performed by micro-X-ray diffraction (XRD) ( Fig. 2 ; GSA Data Repository 1 ). Aragonite is stable at mantle pressures and temperatures either as a high-pressure polymorph of calcite (Redfern et al., 1989 , and references therein), or by the breakdown reaction dolomite = aragonite + magnesite (Buob et al., 2006 , and references therein). The aragonite stability fi eld intersects the CO 2 + H 2 O-bearing mantle solidus at ~100 km depth, providing a minimum depth for mantle crystallization. The presence of aragonite, and evidence for calcite after aragonite in other inclusions, points to a deep sublithospheric mantle source for volcanism in Calatrava.
FIELD EVIDENCE, PETROGRAPHY, AND MINERAL CHEMISTRY
Calatrava is 150 km south of Madrid in central Spain. The samples used in this study are from Moron de Villa Mayor, a leucitite volcano in the southwest of Calatrava (38°49′05.9″Ν, 04°07′22.4″W); it is the earliest example of volcanism in the province at 8. 8-8.6 Ma (Ancochea et al., 1979) . Volcanism erupted through Hercynian basement quartzite.
Villa Mayor is predominantly composed of leucitite lava, but carbonatitic activity is recorded by carbonatitic inclusions and xenoliths in the lava. The major stage of extrusion is leucitite lava with olivine xenocrysts and mantle xenoliths (lherzolite and wehrlite). Olivines from this fl ow are the focus of this study. Almost all samples have been dry polished with a dry diamond powder, to preserve the alkali content of the carbonate (which was subsequently found to be <<1 wt%).
The leucitite is aphanitic and composed of diopside, leucite, phlogopite, nepheline, sodalite, apatite, and titanomagnetite. Olivines are not observed as phenocrysts. Calcite is present in coarsely crystalline, primary carbonatitic xenolith lenses, often associated with xenocrystic olivines. Carbonatite lenses are composed of polycrystalline calcite, phlogopite, nepheline, sodalite, and diopside, with minor titanomagnetite and apatite.
Olivine xenocrysts modally compose >30% of the leucitite lava. Olivine cores are Fo 87 , whereas rims are Fo 62 , suggestive of disequilibrium with the leucitite. Carbonatitic inclusions within olivines are prolifi c and ~90% of all inclusions studied (120) contain carbonate with or without silicate glass or silicate minerals. Calcite, aragonite, and dolomite are all identifi ed from inclusions. Polymineralic inclusions contain silicate minerals coexisting with carbonate; typical silicates include diopside, nepheline, phlogopite, kataphorite, and sanidine. Chromerich spinels occur as monomineralic euhedral inclusions within olivine with Cr 2 O 3 <48.7 wt%. Where inclusions trap fresh silicate glass, there is often associated carbonate. Glass compositions from inclusions do not correspond to the bulk rock analyses of the leucitite (López-Ruiz et al., 1993) , even after recalculation to account for the xenocrystic olivine content (see Table 1 ).
The aragonite inclusion ( Fig. 1) is ~500 × 800 μm, has a subhedral outline, and was initially recognized for its anomalous interference color, lack of cleavage and twinning, and low spectral dispersion. Further investigation using Raman spectroscopy also indicated aragonite (see the Data Repository). In cross-polarized light, the single aragonite crystal is in complete extinction (Fig. 1B) . Examples of other inclusions with euhedral to subhedral outlines have so far proved to be polycrystalline calcite, perhaps resulting from aragonite inversion. Electron microprobe analysis (EMPA) of the aragonite is presented in Table 1 . The single aragonite crystal is associated with minor phlogopite, diopside, and apatite, which were found to result from the interaction of the host leucitite lava and the aragonite crystal along a fracture. Other examples from this lava fl ow where lava has interacted with inclusions have resulted in embayments and extensive dissolution of the olivine grain. We thus conclude that there was minimal interaction of the aragonite with the host lava and infer that fracturing of the host olivine, in this case, occurred just prior to eruption.
ARAGONITE IDENTIFICATION BY MICRO-XRD
For analysis by XRD the sample was powdered directly from the thin section by scratching a small area from the inclusion. The high brightness X-ray source at the Natural History Museum, London, allows for characterization of microsamples without the need of a synchrotron emission source. The microdiffraction system is equipped with a GeniX Cu high fl ux X-ray system and a FOX 2D 10_30P mirror that delivers a 230 μm beam of copper K alpha radiation. Operating conditions of the X-ray source were 50 kV and 1 mA. The beam footprint on the sample was 230 × 800 μm. Rapid data acquisition was Note: Bulk rock data are recalculated based on xenocrystic olivine content, ~30%. Glass inclusions show no evidence for alteration or devitrifi cation; therefore low totals may refl ect the volatile content of the glass. Range of analyzed values given in parentheses. Electron microprobe analysis at University of Bristol using a Cameca SX100 microprobe operating at 15 kV, 10 nA, and 5 μm beam; 20 kV, 10 nA, and1 μm beam; and 15kV, 2nA, and 5 μm beam for aragonite, olivine, and glass, respectively. All analyses used a PAP matrix correction and secondary silicate, carbonate, oxide, and glass standards. l.o.i.-loss on ignition.
*Iron measured as FeO by microprobe analysis. † BaO, F, and Cl were analyzed but were found to be below detection limit (F-0.8 wt% and Cl-0.06 wt%). bd-concentration below microprobe detection limits. n-number of analyses. § Olivine has Cr 2 O 3 (0.05) and NiO (0.32). on October 12, 2010 geology.gsapubs.org Downloaded from achieved by using an INEL (Instrumentation Electronique) 120º curved position sensitive detector (PSD). NIST (National Institute of Standards and Technology, USA) silicon powder SRM 640 and silver behenate were used as calibration standards. The 2-theta linearization of the PSD was performed using a least-squares cubic spline function. Powdered aragonite was collected into the center of a zero-background sapphire disk. The sample was rotated during the measurements with runs lasting between 20 and 23 h. Peak intensities deviate to some degree, and a few aragonite peaks are missing as a result of a nonrandom particle distribution. The number of particles in our microsample is too small to create a uniform distribution of all possible crystallite orientations. Every rearrangement of the powder will produce different particle distributions that contribute to varying peak intensities. This is shown in Figure 2 for a repeated micro-XRD run after rearrangement of the powder, which gives a similar XRD pattern with matching peak positions, but differing peak intensities.
DISCUSSION AND IMPLICATIONS
Aragonite together with calcite and dolomite inclusions in olivine is illustrative of the carbonatitic activity in the mantle beneath Calatrava. Carbonatitic activity in Calatrava is also documented from pyroclastic deposits (Bailey et al., 2005) and mantle xenoliths (Humphreys et al., 2008) . The range of carbonate inclusion compositions from Villa Mayor may refl ect sustained crystallization of olivine during ascent, trapping different compositions at different depths or trapping a highly heterogeneous (immiscible?) source melt at sublithospheric depths. Pseudomorphs of calcite after aragonite are indicative of high-pressure crystallization, and disequilibrium of olivine in the leucitite melt also suggests against continued crystallization.
Aragonite is a high-pressure mineral phase in the mantle, as demonstrated from the available experimental data ( Fig. 3 ; Irving and Wyllie, 1973; Buob et al., 2006) . Petrographically the aragonite inclusion shows a subhedral crystal form within olivine, suggestive of cotectic crystallization of olivine and aragonite and resulting from the competing growth of the two phases. A preexisting aragonite crystal included in olivine would be more likely to exhibit a euhedral crystal form or a fragmentary shape. Examples of carbonate-bearing melt inclusions also indicate the activity of a carbonate-rich melt during olivine growth.
The lithospheric thickness under Calatrava is estimated geophysically to be ~80 km (López-Ruiz et al., 1993) . Using the experimentally determined solidus curves for peridotite + CO 2 + H 2 O (Wyllie, 1989) and peridotite + CO 2 (Dasgupta and Hirschman, 2006) , and the experimental constraints on the stability of aragonite (Irving and Wyllie, 1973) , a minimum depth for the olivine xenocrysts is estimated to be between 100 and 120 km (Fig. 3) . Entrainment of olivine xenocrysts indicates a source depth for leucitite melts >100-120 km.
Rapid ascent from the mantle and quenching are required to preserve the aragonite crystal structure without inversion to calcite. Rapid quenching of the melt is indicated by the microcrystalline groundmass (see Fig. 1 ), and the presence of glassy, carbonate-silicate melt inclusions (see the Data Repository). A rapid eruption rate is also required to transport the abundant dense xenolithic and xenocrystic (~30%) content of the lava. Diffusion of hydrogen in olivine from mantle xenoliths has illustrated the rapid exhumation rate of alkali basalts, similar to that of kimberlites at 6 ± 3 m/s (Demouchy et al., 2006) . High ascent rates combined with >30% xenolithic load require an extremely high volatile content in the initial melt.
The depth constraints indicated by the presence of aragonite (and dolomite) have important implications for volcanism in Calatrava. Dependent on the presence or absence of water, the minimum depth of aragonite crystallization occurs between 100 and 120 km (Fig. 3) . The depth of melt formation and then explosive ascent is thus below the depth of the geophysical lithosphere, in the sublithospheric mantle. Radiogenic lead isotope data for the inclusions and the whole rock are summarized in Figure 4 , and show high 207 Pb/ 204 Pb ratios relative to both mid-oceanic ridge basalt (MORB) and ocean island basalt (OIB). Thus, the melt is unlikely to have sampled convecting asthenospheric mantle, which isotopically should be more similar to MORB and dominant OIB compositions. Rather, the carbonate inclusions have Fig. 4) , corroborating their sublithospheric mantle origin. We therefore suggest that melting sampled the relatively rigid, accreted sublithospheric mantle beneath Spain. This segment of mantle presumably had a density similar to that of the convecting asthenosphere, but acted as a nonconvecting reservoir for incompatible elements, volatiles, and small-fraction partial melts.
Carbonatitic activity in the sublithospheric mantle in Spain is clearly demonstrated by our fi nding of aragonite, dolomite, and calcite inclusions in olivine. The presence of aragonite accords with experimental evidence and geological examples from diamond inclusions for the stability and storage of high-pressure carbonates in the deep mantle. Xenocrystic olivine indicates that the origin of the leucitite melt is even deeper within the mantle and strengthens arguments for a sublithospheric mantle origin for alkaline ultramafi c magmas and extrusive carbonatites.
